Hybridization drives rapid speciation by shaping novel genotypic and phenotypic profiles. Genomic incompatibility and transcriptome shock have been observed in hybrids, although this is rarer in animals than in plants. Using the newly sequenced genomes of the blunt snout bream (Megalobrama amblycephala [BSB]) and the topmouth culter (Culter alburnus [TC]), we focused on the sequence variation and gene expression changes in the reciprocal intergeneric hybrid lineages (F 1 -F 3 ) of BSB × TC. A genome-wide transcriptional analysis identified 145-974 expressed recombinant genes in the successive generations of hybrid fish, suggesting the rapid emergence of allelic variation following hybridization. Some gradual changes of gene expression with additive and dominance effects and various cis and trans regulations were observed from F 1 to F 3 in the two hybrid lineages. These asymmetric patterns of gene expression represent the alternative strategies for counteracting deleterious effects of the subgenomes and improving adaptability of novel hybrids. Furthermore, we identified positive selection and additive expression patterns in transforming growth factor, beta 1b (tgfb1b), which may account for the morphological variations of the pharyngeal jaw in the two hybrid lineages. Our current findings provide insights into the evolution of vertebrate genomes immediately following hybridization.
Hybridization drives rapid speciation by shaping novel genotypic and phenotypic profiles. Genomic incompatibility and transcriptome shock have been observed in hybrids, although this is rarer in animals than in plants. Using the newly sequenced genomes of the blunt snout bream (Megalobrama amblycephala [BSB] ) and the topmouth culter (Culter alburnus [TC]), we focused on the sequence variation and gene expression changes in the reciprocal intergeneric hybrid lineages (F 1 -F 3 ) of BSB × TC. A genome-wide transcriptional analysis identified 145-974 expressed recombinant genes in the successive generations of hybrid fish, suggesting the rapid emergence of allelic variation following hybridization. Some gradual changes of gene expression with additive and dominance effects and various cis and trans regulations were observed from F 1 to F 3 in the two hybrid lineages. These asymmetric patterns of gene expression represent the alternative strategies for counteracting deleterious effects of the subgenomes and improving adaptability of novel hybrids. Furthermore, we identified positive selection and additive expression patterns in transforming growth factor, beta 1b (tgfb1b), which may account for the morphological variations of the pharyngeal jaw in the two hybrid lineages. Our current findings provide insights into the evolution of vertebrate genomes immediately following hybridization.
[Supplemental material is available for this article.] Megalobrama amblycephala (blunt snout bream [BSB] ; 2n = 2x = 48) and Culter alburnus (topmouth culter [TC] ; 2n = 2x = 48), members of the family Cyprinidae, are economically important freshwater fish (Chen 1998; Zhou et al. 2008) . The BSB and the TC have distinct feeding habits (the BSB is herbivorous, whereas the TC is carnivorous) and shapes (the BSB has a higher dorsal fin and a shorter body than the TC). Furthermore, the progenies of intergeneric reciprocal crosses between these fishes (BSB [♀] × TC [♂] and TC [♀] × BSB [♂]) show different degrees of phenotypic variation. For example, the hybrid lineages of reciprocal crosses had intermediate shapes between those of their parents (Xiao et al. 2014) . Hybrid lineages of BSB and TC also show many physiological advantages over their parents, such as faster growth rates, higher hypoxia tolerance, and greater disease resistance (Xiao et al. 2014; , as observed in other hybrid fishes, including tilapia hybrids (Oreochromis mossambicus × O. aureus) (Cnaani et al. 2003) , catfish hybrids (Ictalurus punctatus × I. furcatus) (Wolters et al. 1996) , and striped bass hybrids (Morone chrysops × M. saxatilis) (Li et al. 2004 ). Similar to the BSB, the hybrid lineages of the reciprocal crosses were all herbivorous. In fish cultivation, breeding varieties with herbivorous habits helps reduce the raising costs.
Variations in gene expression, including differential homoeolog gene expression and homoeolog silencing (nonexpression of one homoeolog), have been observed in some allopolyploid plants and a few animals (Adams 2007; Liu et al. 2016 ). These changes derived from hybridization and polyploidization lead to bias in homoeolog expression and expression dominance (Rapp et al. 2009; Yoo et al. 2013) . Such asymmetric expression is related to the imbalanced expression of homoeologous genes in polyploids caused by cis-regulatory changes, which affect transcription initiation, transcription rates, and/or transcript stability in homoeologous genes, whereas trans-regulatory changes affect the efficiency of cis-trans interaction by modifying the activity or expression of transcription factors (Wittkopp et al. 2004; Maheshwari and Barbash 2012) . The co-evolution always occurred in the interaction of cis-regulatory sequences with trans-regulatory factors, causing divergence of gene expression and changes of biochemical processes after hybridization (McManus et al. 2010) . The conservation of cis-regulatory activity is strongly correlated with the ratio of the number of nonsynonymous substitutions per nonsynonymous site to the number of synonymous substitutions per synonymous site (K a /K s ) (Emerson et al. 2010; McManus et al. 2010 ). Furthermore, rapid genomic changes related to DNA copy number, expressed sequences, and retrotransposons are always found in intergeneric hybrids and allopolyploids.
Genome-wide allelic expression changes have rarely been explored in successive generations of hybrid vertebrates (Xiao et al. 2016) . In this study, we assembled accurate and nearly complete genomes of BSB and TC. Combining genome sequences with RNA-seq data from the reciprocal cross hybrids and their parents, we investigated the expressed recombinant transcripts related to alleles of the two subgenomes and examined their expression patterns, including the asymmetric expression of the alleles, to elucidate the transcriptional regulation in these two successive generations of allodiploid lineages. Finally, the joint effects of allelic recombination and asymmetric expression of the early hybrid generations provided novel insights into the evolution of vertebrate genomes immediately following hybridization.
Results

Procedure for generating hybrid lineages
Blunt snout bream (M. amblycephala [BSB]; 2n = 48) and topmouth culter (C. alburnus [TC]; 2n = 48), which reached sexual maturity in natural waters of the Yangtze River in China, were collected for the hybrid experiments. The procedure for generating the hybrid lineages investigated in this study is shown in Figure 1 . BSB and TC were used as the parents in the reciprocal cross hybrids to form two types of hybrid lineages. In the first cross group, a BSB (♀) × TC (♂) cross was performed to produce F 1 hybrids (BT, 2n = 48) . Then, the intercrossing within F 1 females and males produce F 2 hybrids, which generated F 3 , forming the hybrid lineage (F 1 -F 3 ). In the second cross group, a TC (♀) × BSB (♂) cross was performed to produce F 1 hybrids (TB, 2n = 48). Then, the intercrossing within F 1 females and males produce F 2 hybrids, which generated F 3 , establishing the hybrid lineage (F 1 -F 3 ) (Supplemental Methods).
Assembly and annotation of the BSB and TC genomes
We generated ∼192.54 Gb ( Tables S1, S2 ; Supplemental Methods). The resulting assemblies were 1.09 Gb (BSB) and 1.02 Gb (TC) ( Table 1) . These sizes were very similar to the genome sizes estimated through k-mer analysis and flow cytometry measures (Supplemental Fig. S1 ; Supplemental Methods). The lengths of contig N50/scaffold N50 were 142.73 kb/ 1.40 Mb and 72.24 kb/3.67 Mb for BSB and TC, respectively (Table  1) . Assessments of genome assembly quality showed that the assemblies covered 99.50%/98.12% unigenes (41,825/41,614 for the BSB; 151,448/148,604 for the TC) derived from RNA-seq across multiple tissues in BSB and TC and had few missing conserved core eukaryotic genes (CEGs) and benchmarking sets of universal single-copy orthologs (BUSCOs) ( Supplemental Table S3 ; Supplemental Methods; Simão et al. 2015) . In total, 983.7 Mb (93.86%) of sequences of the BSB assembly were anchored to 24 chromosomal groups by mapping Hi-C contact data (Supplemental Fig. S2 ; Supplemental Tables S4, S5) ; for the TC, 760.1 Mb (74.68%) of sequences were anchored to the 24 pseudochromosomes using 6377 single-nucleotide polymorphism (SNP) markers (Supplemental Table S6; Supplemental Methods). Then, based on de novo, homolog-based, and RNA-seq approaches, 29,994 and 30,443 proteincoding genes were identified in BSB and TC assemblies, respectively ( Supplemental Tables S7, S8 ). Based on the 27 Gb of RNA-seq data, 2163 and 1536 noncoding RNA genes were predicted in BSB and TC (Supplemental Table S9 ). In addition, no obvious difference in coding sequence (CDS) number, CDS length, intron length, or gene length was detected between BSB, TC, zebrafish (Danio rerio), and grass carp (Ctenopharyngodon idellus) (Supplemental Fig. S3 ; Supplemental Methods). 
Genome evolution
A phylogenetic tree was constructed using 796 single-copy genes from 10 species ( Fig. 2A ). The results indicated that the ancestral lineage of the BSB and the TC diverged from that of the grass carp ∼27.35 million years ago (MYA) ( Fig. 2A ; Supplemental  Table S10 ; Supplemental Methods). The distribution of K s statistics for BSB/TC orthologs contains a distinct peak (K s = 0.0265) that corresponded to a divergence time of 12.74 MYA ( Fig. 2A,B ; Supplemental Methods). Expansion and contraction analysis of gene clusters showed that 403 and 318 expansion events and 433 and 493 contraction events occurred in the TC and BSB, respectively ( Fig. 2A ). Annotations of these gene clusters suggested that most of the contraction events were associated with the biological process category of homophilic cell adhesion via plasma membrane adhesion molecules (GO:0007156), whereas most of the expansion events were associated with the G-protein-coupled receptor signaling pathway (GO:0007186). Among the expansion and contraction events, there were also contraction events associated with nine biological process categories related to bone development and skeletal muscle function ( Supplemental Table S11 ), and 69 genes in expansion events were related to the detection of chemical stimuli in olfactory perception (GO:0050911). These factors might contribute to the diversity of bone morphology and feeding habits between BSB and TC. Based on 20,130 orthologous genes found in BSB and TC, 347 genes were identified as positively selected genes (PSGs) (K a /K s > 1). Six PSGs were detected among 89 genes associated with the immune response (GO: 0006955), and two PSGs were detected among 11 genes related to regulation of the vascular endothelial growth factor receptor signaling pathway (GO: 0030947), implying that a rapid diversification of growth development and immune response might contribute to speciation. Multiple genome alignments showed that the genomes of the BSB and TC had a high degree of collinearity with that of the zebrafish, despite several types of structural variation existing between them ( Fig. 2C ; Supplemental Fig. S4 ).
Detection of allelic recombinant genes by Illumina, PacBio, and Sanger sequencing
To detect the allelic recombinant (AR) genes related to alleles of subgenomes in the hybrid lineages, we used a combination of Illumina, PacBio, and Sanger sequencing based on their respective analysis pipelines (Supplemental Methods). After low-quality reads were filtered out, 960.11 million clean RNA-seq reads (273.12 Gb) were obtained from 36 samples ( Supplemental Table  S12 ), including the two hybrid lineages (BTF 1 -BTF 3 and TBF 1 -TBF 3 ) , as well as their inbred parents. We detected 348 to 8940 recombinant reads (0.0033%-0.0624% in all uniquely mapped reads) in each of the hybrid transcriptomes (Supplemental Table S13 ; Supplemental Methods). Although an average of only 0.0166% recombinant reads was detected, a distribution of 145 to 974 AR genes was found in all transcriptomes, in which the average number of recombinant reads per gene was 5.93 (Supplemental Fig. S5 ). To validate the AR events from Illumina data, 51,351 (76.14%) of 67,446 reads, which were detected as AR reads in the former analyses, were further confirmed by using the other analysis pipeline ( Supplemental Table S13 ; Supplemental Fig. S6A ). A gradually increasing trend of number of AR events was found from F 1 to F 3 in TB lineage. But this trend was not observed in BT lineage (Supplemental Fig. S6B ).
To further validate the AR events in 15 genes of F 1 and 19 genes of F 3 in the two hybrid lineages ( Supplemental Table S14 ), which were identified as AR genes from the Illumina data, we obtained their sequences at the genomic DNA level by using Sanger sequencing. The sequences of AR genes were confirmed in 14 genes in BTF 1 , 14 genes in TBF 1 , 14 genes in BTF 3 , and 13 gens in TBF 3 (Supplemental Figs. S7-S22; Supplemental Methods). The long read length of the PacBio sequencing helped us obtain full-length transcripts with no assembly ( Supplemental Table S15 ; Supplemental Methods). Most of the AR genes (48 of 49 in BTF 3 and 50 of 52 in TBF 3 ) were consistent with the Illumina data (Supplemental Fig. S7 ). Combined with the data from F 1 and F 3 of the two hybrid lineages by Sanger and Illumina sequencing methods, after ruling out five genes, 10 of 15 genes were identified as the AR genes in F 1 and F 3 of the two hybrid lineages (Supplemental Figs. S7-S22) and were used to further analyze the AR patterns.
It is possible that the AR regions are the same or slightly different in a certain AR gene, depending on different individuals because of the bias of AR read coverage. We classified AR events with the overlapped AR regions as the same AR pattern. Two AR patterns (I and II) were formed based on AR regions in which the 5 ′ upstream and 3 ′ downstream sequences were from the sequences derived from one of the parents (Supplemental Fig. S6C ). Focusing on global AR patterns in the two hybrid lineages, a gradually increasing trend of number of AR patterns was found from F 1 to F 3 in the TB lineage, whereas no such trend was observed in the BT lineage (Supplemental Fig. S6D ). We focused on the analyses on the 10 AR genes, which were confirmed by Illumina and Sanger sequencing methods in both F 1 and F 3 of the two hybrid lineages. The distribution of the two AR patterns among the 10 AR genes (Supplemental Fig. S6E ) was presented, in which two AR genes (gene order: No. 1-2) showed pattern I in each generation in the two hybrid lineages, and pattern I + II in BTF 2 -BTF 3 and TBF 1 -TBF 3 , suggesting the increasing trend of pattern number in BT lineage. One AR gene (gene order: No. 3) showed pattern II in each generation in the two hybrid lineages, and pattern I + II in BTF 2 and BTF 3 , indicating the increasing trend of pattern number in BT lineage. Three AR genes (gene order: No. 4-6) showed pattern I or pattern II in each generation in BT lineage or TB lineage. Three AR genes (gene order: No. 7-9) presented pattern I or pattern II in each generation in BT lineage or TB lineage, and pattern I + II in BTF 2 , BTF 3 , and TBF 3 , suggesting the increasing trend of pattern number in TB lineage (gene order: No. 7) and in BT lineage (gene order: No. 8-9). One AR gene (gene order: No. 10) showed pattern II in each generation in BT lineage, but no regular model in BT lineage, suggesting that the AR events vary depending on different individuals with different mechanisms involved in the allelic recombination.
Expression dominance
It is reasonable to speculate that the merger of different genomes leads to dominance and additive effects in the hybrid offspring (Reif et al. 2007) . The mapped reads (68.10 million in BSB and 64.34 million in TC) of the two inbred parents were aligned to the respective genomes ( Supplemental Table S16 ; Supplemental Methods). The expression values in the hybrid were calculated from a combined genome of two inbred parents (Supplemental Methods). Analyses of pairwise alterations of global expression lev-el showed a high degree of expression similarity in comparison to the two inbred parent genomes. This result also revealed that tissue-specific expression samples clustered with each other, yet the hybrid offspring clustered with TC, except for TBF 2 (Supplemental Fig. S23 ). The distribution of a few silent genes in the hybrids was shown in 20,130 orthologous gene pairs between BSB and TC (Supplemental Table S17 ; Supplemental Methods).
To assess the changes at the global expression level in hybrids, we performed differential expression analysis on the 12,322 expressed orthologous gene pairs in the liver (Supplemental Methods). The results showed 12.14%-23.78% and 6.63%-16.13% differentially expressed genes (DEGs) in BT compared with BSB and TC, respectively (Supplemental Fig. S24 ). Meanwhile, analyses of TB showed 8.61%-17.17% DEGs compared with the BSB, whereas 7.08%-10.80% were found compared with the TC (Supplemental Fig. S24 ). The smaller number of DEGs between hybrids and TCs revealed the potential dominance of TC expression in both reciprocal cross hybrids, except for TBF 2 (Supplemental Fig. S24 ). In addition, up-regulated expressed genes were increasingly observed in BTF 1 -BTF 3 , TBF 1 , and BTF 3 (Supplemental Fig. S24 ). To clarify the process of gene expression changes, we determined the average parental expression (APE) based on the expression of the two parents and compared it with expression in the hybrids, revealing increasing trends in up-regulated expressed genes from F 1 to F 3 , whereas an increasing trend in down-regulated expressed genes was observed from BTF 1 to BTF 3 ( Fig. 3A ; Supplemental Methods). However, there were more DEGs (742, 6.02%) in TBF 3 than in TBF 1 (697, 5.66%) and TBF 2 (609, 4.94%) ( Fig. 3A) . Focusing on conservation of epigenetic regulation in successive hybrid generation, the same expression in liver tissue of BTF 1 -BTF 3 was observed in 10,265 (83.31%) genes, including 20 up-regulated genes, 49 down-regulated genes, and 10,196 (82.75%) non-DEGs. Meanwhile, 11 up-regulated genes, 59 down-regulated genes, and 10,710 non-DEGs were detected in the liver of TBF 1 -TBF 3 (Supplemental Fig. S25 ). In addition, six of 99 DEGs were shared in the liver of BT and TB ( Fig. 3B,C) .
To better identify expression dominance, we established 12 patterns as described in Rapp et al. (2009) . A greater number of "TC expression dominance" genes (II and XI) than "BSB expression dominance" genes (IV and IX) were observed in three generations of BT (1559 in BTF 1 , 1651 in BTF 2 , and 1095 in BTF 3 ) and TB (1248 in F 1 , 1428 in TBF 2 , and 1382 in TBF 3 ) (P = 0.0026) ( Fig Figure 2 . Evolution of the BSB and the TC. (A) A phylogenetic tree was constructed from 10 species, including five cyprinids. The time of divergence and the expansion and contraction of gene clusters are described with a maximum-likelihood tree. The number of expansion events in each gene clusters is indicated in red, and contraction events are indicated in blue. The photographs of Xiphophorus maculatus were obtained from Schartl et al. (2013) . (B) The distribution of the synonymous substitution rates (K s ) of orthologous genes for interspecies comparisons was identified by 4dTv analysis. The peaks of the K s distributions of orthologs indicate speciation events. (C) A comparative analysis of the BSB and TC genomes was performed. Maps of 24 BSB chromosomes and of 24 TC chromosomes based on the positions of 20,130 orthologous gene pairs showed highly conserved synteny between them. The A track represents gene density (window size = 100 kb), and the B track represents repeat content within a 500-kb sliding window.
potential TC expression dominance in BT and TB. High ratios of "TC expression dominance" in up-regulated genes and "BSB expression dominance" in down-regulated genes were observed based on more genes in patterns II (75.89%) and IX (58.24%) than in XI (24.11%) and IV (41.76%) in BT and TB (Supplemental Fig. S26 ). Meanwhile, some gradual decreasing trends of "additive" (I and XII) and "expression dominance" (II, XI, IV, and IX) genes and an increasing trend of "Transgressive up-/down-regulation" (III, VII, X, V, VI, and VIII) genes were found from F 1 to F 3 , revealing a gradual weakening of parental effect in hybrids.
Expression divergence and expression bias
To investigate the coregulation of alleles derived from two subgenomes in the hybrids, 9753 orthologous genes were selected through detection of 103,190 species-specific SNPs, and the distri-bution of species-specific SNPs in each gene was shown (Supplemental Fig.  S27 ; Supplemental Methods). After assessing the BSB and TC allelic expression, the seven genes with TC allelic silencing were shared in the liver of TBF 1 -TBF 3 , and eight were shared in BTF 1 -BTF 3 (Supplemental Fig. S28) . A cluster analysis of allelic expression data was performed, revealing the close relationship in BSB and TC allelic expression of the hybrids, yet a clear separation was detected in allelic expression of the liver of BTF 3 (Supplemental Fig. S29 ).
Focusing on the direction and magnitude of allelic expression, the log 2 (TC/ BSB) values in hybrids were calculated based on the sums of the depth of BSB and TC allelic reads (800.12 million clean reads) in all hybrids. The values of BSB and TC allelic expression gradually approached each other from F 1 to F 3 in both BT and TB (P < 0.01) based on |log 2 (TC/BSB)| values (Fig. 4A) . Meanwhile, more genes related to overall BSB allelic expression bias [log 2 (TC/BSB) < −1] were found than those related to overall TC allelic expression bias [log 2 (TC/BSB) > 1] (BT: 304 vs. 165 in F 1 ; 265 vs. 183 in F 2 ; 189 vs. 177 in F 3 ; TB: 454 vs. 185 in F 1 ; 266 vs. 187 in F 2 ), except in TBF 3 (154 vs. 157) ( Supplemental Fig. S30 ). The similar phenomenon was detected in the liver tissues based on potential genes of BSB/TC allelic expression bias ( Supplemental Table S18 ). However, the clear BSB allelic expression bias gradually weakened from F 1 to F 3 in both BT and TB (Supplemental Fig. S31 ). In addition, a similar number of BSB and TC allelic expression-biased genes (215 vs. 235 in the muscle of BTF 3 ; 162 vs. 168 in the gonad of BTF 3 ; TB: 185 vs. 202 in the muscle of TBF 3 ; 182 vs. 156 in the gonad of TBF 3 ) were observed (Supplemental Fig. S32 ).
To investigate allelic expression changes under parental effects, the log 2 (TC/BSB) values in parents were calculated and compared with the log 2 (TC/BSB) values of the hybrid offspring (Supplemental Methods). The results revealed a gradual decrease of the magnitude of allelic expression across three generations of hybrid progenies (P < 0.01) ( Fig. 4B,C;  Supplemental Fig. S31 ). Among the 9753 orthologous gene pairs in the parents, 1373 (14.07%) DEGs were observed between two parents in which only 440 (4.52%) and 586 (6.02%) DEGs between two alleles were found in BTF 1 and TBF 1 , respectively. Then, fewer DEGs were found in the next generations (4.40% in TBF 2 , 3.48% in TBF 3 , 4.22% in BTF 2 , and 3.04% in BTF 3 ) (Supplemental Fig. S31 ). Furthermore, a gradual decrease in "cis + trans," "cis only," and "conserved" genes (31.46%-18.37% in BTF 1 to BTF 3 ; 29.37%-17.04% in TBF 1 to TBF 3 ) showed the gradual weakening of the parental effect from F 1 to F 3 ( Supplemental Table S19 ). Meanwhile, novel bias in allelic expression, including "compensatory" and E B A C D Figure 3 . Changes in global expression levels between hybrids and their parents. (A) Differential expression analysis was performed between APE and expression in hybrids. The black line indicates that the genes related to APE were ordered by their normalized, standardized expression intensity. Orange scatter points represent up-regulated expression in hybrids, and green scatter points represent downregulated expression in hybrids. Gradual increases and decreases in the number of DEGs were observed from F 1 to F 3 . (B) The distribution of shared DEGs was observed in the liver of reciprocal cross hybrids in a differential expression analysis between APE and expression in hybrids. (C) Seven shared DEGs were observed between BT and TB; these genes were all down-regulated. (D) Module of 12 expression patterns represents the change in gene expression state between the two inbred parents and their hybrid offspring. (E) Distribution of expression divergence of each parent relative to the hybrid offspring in three generations of BT and TB, with the TC comparison on the x-axis, the BSB comparison on the y-axis, and colors corresponding to pattern I to pattern XII.
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Genome Research 1809 www.genome.org "cis × trans," also gradually weakened in successive generations (BT: 18.57%-7.38% from F 1 to F 3 ; TB: 15.75%-7.03% from F 1 to F 3 ) ( Supplemental Table S19 ). In addition, the increase in "trans only" genes, whose differential expression between parents changed to an equal state of allelic expression in hybrids, also reflected the gradual weakening of parental effect from F 1 to F 3 (Fig. 4D ; Supplemental Table S19 ; Supplemental Methods). In "trans only" genes, the gene ratios related to log 2 (TC/BSB) > 1 in parents were more than those related to log 2 (TC/BSB) < −1 (up-regulated in TC) in parents (P = 0.023) (average ratio: 21.87% vs. 18.12%) (Supplemental Fig. S33 ; Supplemental Table S19 ).
The same phenomenon was also found in "cis × trans" genes (P = 0.033) (average: 7.05% vs. 2.27%). However, a higher frequency of "cis + trans" (2.95% vs. 0.32%), "cis only" (1.16% vs. 0.07%), and "compensatory" (0.75% vs. 0.11%) genes was found in the genes with log 2 (TC/ BSB) < −1 in hybrids (up-regulated in BSB) than in those with log 2 (TC/BSB) > 1 in hybrids (all P = 0.023) (Supplemental Fig. S33 ; Supplemental Table  S19 ). Focusing on the allelic expression changes from F 1 to F 3 , gradually increasing gene numbers were found in "cis + trans" (B < T), "trans only," and "cis × trans" (B > T), whereas numbers of "conserved," "cis + trans" (B > T), "cis only" (B > T), "compensatory" (B > T), and "cis × trans" (B < T) genes decreased in both BT and TB ( Fig. 4D ; Supplemental Table S19 ).
Evolutionary constraint in expression polymorphism
To study the association of evolutionary constraint with cis-and trans-regulation, we analyzed the correlation between the magnitude of allelic expression (|log 2 (TC/BSB)| in parents or/and hybrids, respectively) and K a /K s values in parents (Supplemental Methods). The distribution of K a /K s showed different patterns for cis-and trans-regulated genes (Supplemental Fig. S34) . Specifically, the "trans only" genes were obviously enriched at K a /K s of 0.03 (BT) and 0.028 (TB); the K a /K s in parents were significantly positively correlated with values of |log 2 (TC/BSB)| in parents (R = 0.3052 in BTF 1 , R = 0.3808 in BTF 2 , and R = 0.2158 in TBF 1 ) and hybrids (R = 0.2706 in BTF 1 , R = 0.355 BTF 2 , and R = 0.2504 in TBF 1 ) as for "cis only" genes (all P-values ≤ 0.0001, Pearson correlation coefficient), respectively (Supplemental Fig.  S34 ); a positive correlation was found between the K a /K s in parents and the values of |log 2 (TC/BSB)| both in parents (R = 0.1696 in BTF 3 , R = 0.2164 TBF 2 ) and hybrid (r = 0.1868 in BTF 3 ), respectively (all P-values < 0.005) (Supplemental Fig.  S34 ); in addition, the stronger positive correlation for "cis only" genes detected in shared BT genes ( Fig. 5A-C) . Furthermore, in successive hybrid generations of the reciprocal cross hybrids, the decreasing correlations of K a /K s in the parents and the value of |log 2 (TC/BSB)| in hybrids were detected in "cis only" genes of BT ( Supplemental Table S20 ); however, no significant correlation in "cis only" genes was detected in TB.
The evolutionary constraint was also presented by variations in exon numbers and coding sequence length, which showed a strong positive correlation with each other in both BSB (R = 0.7435) and TC (R = 0.7768) (all P-values < 0.0001, Pearson correlation coefficient) (Supplemental Fig. S35; Supplemental  Methods) . The values of |log 2 (TC/BSB)| in parents showed a significant correlation with the variation of the coding sequence length in conserved genes of both BT and TB (all P-values < 0.01 for Spearman's rank correlation coefficient) (Fig. 5D) . A gradual increase in the correlation coefficient was found in successive TB hybrid generations. The value of |log 2 (TC/BSB)| in hybrids also had a significant correlation with the variation of the coding sequence length in "cis + trans" and "cis × trans" genes of both BT and TB (all P-values < 0.0001 for Spearman's rank correlation coefficient) (Fig. 5E ). However, no significant correlation was found between K a /K s in parents and the variation of CDS length across all samples.
Contribution of evolutionary constraint and expression polymorphism to bone development
Regarding the traits that differed between the two inbred parents, the hybrid offspring showed intermediate traits in bone morphology, number of upper/lower lateral line scales, and dorsal/anal/abdominal fin rays (Fig. 6A,B ; Supplemental Tables S21, S22 ). These phenotypes led us to focus on the 57 expanded and contracted gene clusters related to growth regulation in BSB and TC (Supplemental Table S23 ). Five relevant genes were positively selected (K a /K s > 1) ( Supplemental Table S24 ). Nineteen growth-regulated genes had the same expression pattern in all generations of BT, whereas 14 others showed the same expression pattern in all TB generations ( Supplemental Tables S25, S26 ). Among genes relevant to growth regulation, the ppp2ca, kl, and adcy6a genes belonged to the expanding/contracting gene clusters, and three genes showed the same expression pattern in BT and TB, including transgressive up-regulation (VI) of hsp90b1 and egr1, and no change in expression of hspb1.
With respect to cis-and trans-regulatory expression, especially its effects on bone morphology, we detected an increasing trend in "trans only" genes and a decreasing trend in "cis + trans" genes and "cis × trans" genes in successive hybrid generations ( Supplemental  Table S27 ). A greater number of genes were identified as having BSB allelic expression bias [log 2 (TC/BSB) < −1 in the hybrid] than TC allelic expression bias [log 2 (TC/BSB) > 1 in the hybrid] in BT and TB (241 vs. 58 in total) (Supplemental Table S27 ). We also found an obvious bias toward BSB expression in the growthregulated traits of the hybrids. However, this difference gradually weakened in successive generations. Concerning the 50 genes with the same cis-and trans-regulatory expression of the reciprocal cross hybrid, 76% (38 genes) had a "trans only" expression pattern, reflecting the convergence effect in allelic expression. For the tgfb1b gene (K a /K s = 1.51) between BSB and TC, seven and nine amino acid variations were found in exons 1 and 2 in carnivorous TC in comparison to herbivorous BSB and grass carp and omnivorous zebrafish ( Fig. 6C; Supplemental Fig. S36 ). Meanwhile, coexpression of BSB and TC alleles was detected in the reciprocal cross hybrids, although the expression pattern varied in different generations (Fig. 6D) . The expression of the gdf2 gene was "conserved" in BTF 1 -BTF 3 and "trans only" in TBF 1 -TBF 3 , suggesting stable coexpression of the BSB and TC alleles. The allelic expression in tgfb1b and gdf2 showed an additive effect.
Discussion
Three polyploidization events occurred in a common ancestor of BSB, TC, zebrafish (D. rerio), grass carp (C. idellus), and common carp (C. carpio) belonging to the family Cyprinidae (Postlethwait et al. 1998) . The adaptive radiation of teleost fishes, the most species-rich group of vertebrates, was affected by the joint effect of polyploidization and hybridization, including interspecific hybridization (Lamatsch and Stöck 2009) . Through DNA fingerprinting, some fishes, including Xiphophorus clemenciae (Meyer et al. 2006) and Gila seminuda (Demarais et al. 1992) , have been found to originate from hybridization. The very recent divergence of the ancestral lineage (12.74 MYA) and high similarity in karyotypes, genome size, and gene characteristics indicate a close genetic relationship between the BSB and the TC in the family Cyprinidae ( Fig. 1A-H; Supplemental Fig. S3 ). These results laid good foundations for exploring the interspecific compatibility in their reciprocal cross hybrids. Different degrees of trait divergence in the two BSB/TC hybrid lineages provide enough samples to investigate potential mechanisms underlying these phenomena ( Fig. 6A,B ; Supplemental Tables S21, S22 ; Xiao et al. 2014 Xiao et al. , 2016 . The results of this study provide new perspectives on the rapid emergence of AR transcripts and the asymmetric expression of alleles in vertebrates immediately following hybridization. The distribution of 145 to 974 AR genes in BTF 1 -BTF 3 and TBF 1 -TBF 3 was identified from RNA-seq data (Supplemental Table S13 ). The main mechanisms regarding the AR genes include the allelic exchanges of the two subgenomes in genomic DNA and the trans-splicing of pre-mRNAs. Based on the AR genes found in F 1 hybrids of the two hybrid lineages, which were validated by Illumina and Sanger sequencing methods (Supplemental Fig. S6E) , it is possible that the allelic exchanges of the two subgenomes occur in somatic cells. The allelic recombination in somatic cells was also reported in Nicotiana tabacum (Lebel et al. 1993) , in F 1 hybrids of Carassius auratus cuvieri (♀) × C. auratus red var. (♂) , and in F 1 hybrids of C. auratus red var. (♀) × Cyprinus carpio L. (♂) ). On the other hand, the trans-splicing of pre-mRNAs leads to the joining of different exons derived from two or more allelic transcripts (Mitchell 2000; Mayer and Floeter-Winter 2005) , by which some fractions of the transcript root from one inbred parent, and the remainder roots from the other inbred parent. These AR genes also may result from large-scale DNA repair, non-allelic end-joining, or even transposon activity (Wang et al. 2006; Levin and Moran 2011; Bao and Yan 2012; Fedoroff 2012; Liu et al. 2016 ). The aforementioned mechanisms may lead to allelic recombination in somatic cells and/or germ cells in F 1 and the subsequent generations. In the future, orthogonal methods to investigate AR genes in the two hybrid lineages will be necessary to rule out any ancestral effect (i.e., error in reference genome), sequencing artifacts, and inadequate bioinformatic analyses, which may result from the presented methodology.
Regarding the numbers of AR events and patterns, their increasing trends were found in the successive generations of TB hybrid lineage (Supplemental Fig. S6B-D) , but such trends were not observed in BT lineage because of abnormal values with much higher numbers of AR events and AR patterns in sample 1 of BTF 1 and BTF 2 than the values of other samples in BT lineage (Supplemental Fig. S6B-D) . On the other hand, the other values of AR events and AR patterns in sample 2 and sample 3 of BTF 1 and BTF 2 lineage presented the increasing trends in the successive generations (Supplemental Fig. S6B-D) . Based on the distribution of the AR pattern in the 10 AR genes (Supplemental Fig. S6E ), pattern I and/or pattern II were found in each generation in BT lineage or TB lineage, suggesting that they were inherited from one generation to another, respectively. The former generation with the single pattern (pattern I or pattern II) and the later generations with the pattern I + II (gene order: No. 1-3 and No. 7-9) indicated the increasing trend of pattern number in the two hybrid lineages ( Supplemental Fig. S6E ). The unexpected numbers of AR events and AR patterns and unexpected distribution of the AR patterns in the two hybrid lineages (Supplemental Fig. S6 ; Supplemental  Table S13 ) are probably related to the trans-splicing mechanism (Mitchell 2000; Mayer and Floeter-Winter 2005) that occurred in somatic cells, which will lead to the random AR events and AR patterns, depending on different individuals with different mechanisms involved in the allelic recombination. The AR events effectively eliminate deleterious alleles and improve the adaptability of hybrid fish (Schumer et al. 2018) . The high levels of homoeologous recombination have also been observed in some natural allotetraploids, such as Brassica (Mason et al. 2011) and Triticum aestivum L. (Nelson et al. 1995) , and a low frequency was detected in Ambystoma for pairing of duplicated premeiotic chromosomes instead of homologs (Neaves and Baumann 2011) . With respect to asymmetric gene expression in the two hybrid lineages, TC expression dominance at the global expression level and slight BSB bias at the allelic expression level were observed ( Figs. 3, 4; Supplemental Fig. S30 ). The very useful classification of cis-and/or trans-regulatory patterns can effectively describe divergence of gene expression and help us investigate their potential mechanisms (McManus et al. 2010) . Genes classified as "trans only," "compensatory," and "cis × trans" showed novel divergent expression after hybridization ( Supplemental Table S19 ). These genes were more likely to have divergent expression than the genes in "cis only," "conserved," and "cis + trans," implying that the adjustments of allelic expression might be necessary to the improvement of hybrid incompatibilities and contribute to speciation. Meanwhile, genes classified as "cis only," "conserved," and "cis + trans" showed that these stable expression in progenies were mainly affected by the parental-specific inheritance ( Supplemental Table S19 ; Emerson et al. 2010; McManus et al. 2010) . A similar phenomenon was observed in natural allopolyploid wheat (Feldman et al. 2012 ) and cotton (Yoo et al. 2013 ). In addition, decreased and increased trends of gene expression at global and allelic levels were observed from F 1 to F 3 of the two hybrid lineages (Figs. 3, 4A; Supplemental Fig. S31 ). The direction and magnitude of gene expression changes in hybrids showed asymmetric patterns, which were often regulated by DNA methylation (Wang et al. 2016; Choi et al. 2018) , histone modification (Schotanus et al. 2015) , and microRNAs (Ambros 2004).
The obvious trends of gene expression changes raised the question of why these expression patterns could appear in hybrids ( Fig. 4D ; Supplemental Table S19 ). To address this issue, a strong correlation was detected between the K a /K s in the two parents and the values of |log 2 (TC/BSB)| in hybrids for the genes of the "cis only" category ( Fig. 5A-C) . A similar phenomenon has also been described in F 1 hybrid yeast (Emerson et al. 2010 ). Moreover, the correlation coefficients obviously decreased from F 1 to F 3 (Fig. 5A-C) . This gradual weakening of cis-regulation may result from a series of cumulative genetic changes, including the allelic exchanges of conserved noncoding sequences (CNSs) in genomic DNA (Bird et al. 2018) . The shared recombinant events of coding sequences supported the cumulative effect of genomic recombination in CNSs (Supplemental Figs. S6-S22; Supplemental  Table S13 ). The interaction between cis-regulatory sequences and trans-regulatory elements of two alleles in hybrids is enhanced by the exchange of CNSs deriving from the merger of two subgenomes (Wittkopp et al. 2004 ). Genomic DNA exchanges showed a close relationship with gene expression divergence in animals, contributing to survival and adaptation to environments (Marquès-Bonet et al. 2004) . However, no significant correlation between genomic DNA exchanges and presumed cis-and transregulatory effects was observed in our study.
Identification of mRNA expression patterns with the corresponding phenotypes was challenging because of the complex gene regulatory network and unknown interactions between RNAs and proteins (Emerson et al. 2010) . In this study, the distinctness of traits between two parents (BSB and TC), including appearance and feeding habit, was manifested by the wide diversity of genetic sequences and gene expression patterns. The tgfb1b gene (K a /K s = 1.51) was regarded as one of the major genes for pharyngeal jaw development based on the analyses between intermediate traits of BSB and TC and the additive effect of allelic expression ( Fig. 6C,D; Supplemental Fig. S36 ). However, further experiments should be conducted to verify the molecular function of the tgfb1b gene.
In summary, this study indicates the rapid emergence of expressed recombinant genes and asymmetric gene expression patterns in early hybrid generations, providing insights into the evolution of vertebrate genomes immediately following hybridization.
Methods Samples
A wild, water-captured male adult of C. alburnus (TC) and a gynogenetic M. amblycephala (BSB) that was stimulated by UVinactivated sperm of C. carpio haematopterus were obtained for whole-genome sequencing (Gong et al. 2019) . Then, 24 fish (age 2 yr), including three male TCs with mature testes, three BSBs with mature ovaries, three female individuals each from BTF 1 -BTF 3, and three female individuals each from TBF 1 -TBF 3 , were used in the subsequent analyses ( Fig. 1A-H) . The detailed descriptions about the sample preparation for genome and transcriptome sequencing were presented in the Supplemental Methods.
Genome-wide evolutionary analysis
Genome assembly was performed with a series of analyses. Singlecopy genes from all 10 species were used to construct a phylogenetic tree and estimate their divergence time. Orthologous gene pairs between TC and BSB were determined by all-against-all reciprocal BLASTP (v. 2.2.26) comparisons based on the protein sequences. Homologous blocks between species were detected. and the numbers of transversions at fourfold degenerate sites (i.e., 4dTv values) of the blocks were calculated on the CDS alignments using the HKY model. The detailed descriptions related to the sequencing and assembly, assessment of assembly quality, gene prediction and annotation, noncoding RNA prediction, evolutionary analysis, diversifying selection analysis, genetic map construction and scaffold anchoring of TC genome, and Hi-C assembly of the BSB genome are provided in the Supplemental Methods.
Recombinant sequences detected by Illumina, PacBio, and Sanger sequencing
RNA-seq of all samples with three biological replicates were sequenced using paired-end Illumina technology according to the manufacturer's instructions. A custom computational script was used to remove the raw reads containing adapters, poly(N) tails, and those of low quality (see filtering raw reads, Supplemental Script 1). After screening, the hybrid high-quality Illumina reads in the preceding analysis were mapped to a mixed genome of the two parents using STAR (v. 2.4.0) (Dobin et al. 2013) . To check for recombinant events, DNA fragments were obtained in three biological replicates of BSB, TC, TBF 1 , BTF 1 , TBF 3 , and BTF 3 using Sanger sequencing. After screening out low-quality data in
